Abstract: The optical properties of two hybrid silicon taper designs are investigated. These tapers convert the optical mode from a silicon waveguide to a hybrid silicon III/V waveguide. A passive chip was fabricated with an epitaxial layer similar to those used in hybrid silicon lasers. To separate optical scattering and mode mismatch from quantum-well absorption, the active layer in this paper was designed to be at 1410 nm, to allow measurements at 1550 nm. Using cutback structures, the taper loss and the taper reflection are quantified. Taper losses between 0.2 and 0.6 dB per taper and reflections below À41 dB are measured.
Introduction
The integration of III/V materials on silicon is an area of active research interest as it combines low loss silicon passive devices with direct band-gap active devices for, e.g., light generation, gain, modulation, and photodetection [1] , [2] . There are a number of approaches for integrating direct band-gap materials on silicon. The first is to bond fabricated active devices to the silicon wafer [3] . Since this approach requires careful alignment of each component, it does not scale well to larger more complex photonic integrated circuits that might require upward of ten bonds. The growth of III/V material [4] , [5] is a more scalable approach. However, growth of III/V on silicon is still in its infancy, and this technology is not suitable yet for making high-yield and high-performance devices.
The bonding of III/V materials on silicon is a likewise scalable approach [6] . Using such wafer bonding approaches, complex large-scale integrated PICs have been demonstrated in the hybrid silicon platform [7] , [8] . Alignment tolerances for wafer or die bonding are generally relaxed to hundreds of micrometers because active devices are lithographically defined after bonding. This makes wafer bonding an attractive choice for integrating actives with silicon.
Since the optical mode profiles in silicon and hybrid silicon waveguides are different, an essential part of the hybrid silicon integration platform is a mode converter. Examples of these mode profiles are shown in Fig. 1 . A mode converter transfers the optical mode from the passive silicon waveguide to hybrid silicon waveguides, where the mode overlaps with or is contained within the III/V layer. For efficient performance, the mode converter should have negligible loss when compared to the loss budget of the optical link, i.e., below 0.5 dB for most target applications. In addition, for applications that are sensitive to feedback, such as PICs containing lasers, reflections from the mode converter have to be below À50 dB [9] .
In previous work, abrupt junctions and tapered mode converters have been studied. In [10] , junctions with an abrupt 7 angled III/V interface from the silicon waveguide to the hybrid waveguide were simulated. Losses were calculated to be 1.2 dB per transition, with reflections of À30 dB. Tapered mode converters were realized in, e.g., [1] , [11] , and [12] . Simulations show that losses can be below 0.5 dB per transition for taper tip widths of 400 nm and reflections can be below À50 dB [14] . These results show that tapers are in principle the most promising option for integrating hybrid silicon devices on a passive silicon platform.
A thorough analysis of such tapers would require characterization of all the loss mechanisms that contribute to the taper performance. These are free-carrier absorption due to doping and carrier injection, sidewall and surface scatter losses, modal mismatch, and intraband absorption (or gain) due to unpumped (pumped) quantum wells (QWs). In this paper, for the first time, we present a thorough investigation of the passive loss contributions by using QWs with a blue-shifted band gap, thereby eliminating intraband absorption effects. Such an approach provides essential insight to achieve complete understanding and, hence an optimized taper design since, in active hybrid silicon devices, intraband absorption effects cannot be isolated from passive loss contributions. While characterizing taper losses using 1550-nm QWs is possible by using a longer wavelengths (9 1600 nm, where the device is transparent), the equipment needed for the characterization is more readily available in the 1550-nm regime. As a result, blue-shifted QWs were used.
In this paper, we will first describe the taper designs and fabrication used in this paper in Section 2. Taper losses and reflections will be presented and discussed in Sections 3 and 4, respectively. In Section 5, we will conclude with an overview and a design recommendation.
Device Design and Fabrication
In this paper, tapers will be studied, which can convert the optical mode in a silicon waveguide to a hybrid mode and vice versa, as shown in Fig. 1 . The taper designs have to be compatible with the processes normally used to fabricate hybrid silicon PICs, e.g., as outlined in [12] . In this process, silicon waveguides were first defined on SOI wafers by etching 400-nm deep trenches into a 700-nm thick silicon layer. A 1-m-thick buried-oxide layer was used. Vertical outgassing channels were then patterned to promote the adhesion of the III/V layer to the silicon. Next, the III/V layer was transferred to the SOI wafer by means of wafer bonding. In three etch steps, tapers were defined in the III/V layers. For the first taper level, a metal hard mask was used to keep the process identical to the one outlined in [12] . The III/V epitaxial layer stack used in this paper is summarized in Table 1 . The QWs in this paper were grown at a band gap corresponding to a wavelength of 1410 nm. This made the devices transparent at 1550 nm, where the transmission measurements were conducted. The refractive index of these blue-shifted QWs was similar to the 1550-nm QWs used in previous studies. This was verified by measuring the group index of the blue-shifted hybrid waveguides and comparing it to previously fabricated hybrid waveguides using 1550-nm QWs. Furthermore, the mode shape in the hybrid region as imaged by an infrared camera revealed a hybrid mode that looked similar to the one in 1550-nm devices.
Two different taper types were designed and studied. These are schematically shown in Fig. 2 . In the first taper type, i.e., Type 1, the three taper levels start within 2.4 m of each other, and the final taper is 80 m long. The mesa in this design is 24 m wide. Devices using such tapers were reported previously in [10] . In the second taper type, i.e., Type 2, the three taper levels start within 60 m of each other, and the final taper is 100 m long. The larger offsets in the taper levels are expected to convert the mode more gradually, resulting in lower losses and reflections. Furthermore, the mesa in this design is 14 m wide to support fewer higher order modes than the Type-1 design. Devices using such taper designs were reported in [12] .
The fabricated devices had 7 angled input and output silicon waveguides to reduce facet reflections, with a width of 2 m to reduce coupling loss to 9.5 dB per waveguide facet. The waveguide was then tapered to 0.8 m for single mode light propagation. For 100 m before the start of the first III/V taper tip, the SOI waveguide is tapered to 2 m to reduce the alignment tolerance of the taper with respect to the silicon waveguide and possible taper reflections (see Fig. 3 ). In both taper types, the silicon waveguide is tapered to either 1.0 m or 1.5 m at the start of the final III/V taper level. These two different silicon waveguide widths give different QW confinement factors (15.6% and 14.4%) in the hybrid waveguide, as shown in Fig. 4 . This effect can be used to change the gain of a hybrid silicon semiconductor optical amplifier (SOA) and to optimize it for, e.g., high gain or high saturation power [1] . No metallization was done as the devices did not require electrical pumping due to the band-gap-shifted QWs. Omitting these steps increased device yield and decreased device footprint, leading to better and increased statistics.
To quantify taper losses, two cutback-on-chip structures were designed, as shown in Fig. 3 . The device array in Fig. 3(a) consists of several hybrid waveguides with lengths from 200 m to 1800 m. By plotting their insertion losses as a function of the hybrid length, the hybrid waveguide loss and TABLE 1 III/V epitaxial layers used in this paper. The QW PL peak is at 1410 nm total insertion loss can be extracted, as explained below. In a similar way the insertion loss of devices with a 200-m-long hybrid section can be extracted, using a design as shown in Fig. 3(b) .
Taper and Hybrid Waveguide Loss

Experimental Setup
The insertion loss for the cutback-on-chip structures in Fig. 3 was measured by coupling transverse electric (TE) polarized light at 1550-nm wavelength with a lensed fiber into the device. Losses were typically around 9.5 dB per fiber-chip transition. The transmitted power was collected with another lensed fiber and was measured using an optical power meter.
Experimental Results
The cutback-on-chip data for the hybrid waveguides with varying lengths are shown in Fig. 5(a) . The hybrid waveguide loss can be extracted by a linear fit through these data. The slope of the linear fit gives the hybrid waveguide loss or, to be precise, the additional loss of a hybrid waveguide as compared to a silicon waveguide of similar length. The intercept at L ¼ 0 of this fit lumps in all additional losses of the setup, fiber-chip interfaces, passive silicon losses, and taper losses. The results on the hybrid waveguide losses are summarized in column 1 of Table 2 . The hybrid waveguide loss is 1.7-2.0 dB/mm higher in hybrid waveguides with 1.0-m silicon waveguides as compared to 1.5-m silicon waveguides. This is due to the 1.0-m waveguide devices having larger confinement factors in the highly doped III/V layers, especially the p-doped layer, thus increasing the optical loss. We hypothesize that the 0.5-dB/mm larger propagation loss in the 1.0-m Type-1 device is due to the poorer confinement of higher order modes when compared to the narrower mesa in the 1.0-m Type-2 devices. The hybrid waveguide losses measured in these devices are within the range of losses normally measured in monolithic III/V lasers that have similar QW confinements, with the 1.5-m devices being on the lower end [13] . This illustrates the possibility for the hybrid silicon platform to make either high-gain SOAs or high-saturation power SOAs with low losses by changing the silicon width, i.e., by lithographic design only. The insertion loss as a function of the number of 200-m-long hybrid sections is shown in Fig. 5(b) . Straight lines were fit through the data to obtain the loss per section. By subtracting the corresponding hybrid waveguide losses, the taper (pair) loss was calculated. The resulting values are summarized in Table 2 , column 2. Type-1 tapers have about 0.2-dB higher losses than Type-2 tapers. This is because Type-1 tapers convert the silicon mode more abruptly to the hybrid mode. For both taper types, 1.5-m devices have lower taper losses. This is due to the optical mode having a larger overlap with the silicon waveguide as compared to the 1.0-m devices. As a result, the mode does not have to be shifted up as much. Furthermore, in the 1.0-m devices, the optical mode has a larger overlap with the higher loss III/V layers, increasing their taper losses.
An alternative way of measuring the taper loss is to subtract the insertion loss of a passive silicon waveguide from the intercept with L ¼ 0 in Fig. 5(a) . As stated above the intercept contains all loss contributions of setup, coupling and waveguide. When the insertion loss of a silicon waveguide is subtracted from a hybrid silicon waveguide (with L ¼ 0), all loss contributions are eliminated from the equation, except for the taper loss. Table 2 , column 3, shows the taper loss results obtained with this method. Agreement with the loss data of the previous method is observed, as can be seen by comparing columns 2 and 3. 
Conclusion
The losses in both taper types were measured to be between 0.2-0.5 dB per taper where Type-2 tapers showed lower losses. These losses are significantly lower than the 1-dB-2-dB coupling loss values that are generally obtained in hybrid integration approaches [18] , showing the clear advantage of this integration approach. However, for the integration of active hybrid silicon devices, where the QW band gap corresponds to the operating wavelength, the choice between Type 1 and Type 2 is less clear. If the QWs are etched in the second taper layer as was done in this paper, Type-2 devices will have a longer unpumped QW layer than Type-1 devices. This will lead to higher absorption in Type-2 devices. This is the subject of a future study.
Furthermore, the hybrid waveguide loss data illustrate the possibility for the hybrid silicon platform to make either high-gain SOAs or high-saturation power SOAs with low losses by lithographic design only. This is a unique feature of the hybrid silicon platform and will be essential when largescale integration enables full systems on a chip, where these different functionalities will be required in a single PIC.
Taper Reflections
In SOAs, small back-reflections can cause lasing and/or a gain ripple, which, in extended cavity lasers, can introduce mode selection [14] , [18] , [19] . Especially when on-chip lasers are integrated with other devices in series further downstream the circuit, reflections need to be ideally below À50 dB to avoid laser linewidth broadening [9] . For a three-level taper, as studied here, having a finite tip radius, there are in principle three scattering interfaces per taper. This is shown schematically in Fig. 6 . These coefficients have been simulated using the finite-difference method implemented by the commercial software FIMMWAVE [15] for the taper structures used in this paper. It was found that the largest reflections come from the first taper level (r t in Fig. 6 ) and that their reflectivities are lower than À55 dB. Reflections from fundamental mode to (counter propagating) fundamental mode are considered here.
Experimental Setup
To quantify the reflections from the tapers, a method similar to the one presented in [16] was used where the transmission of the device as a function of wavelength was measured using a highresolution optical spectrum analyzer (HR-OSA) with a resolution of 0.67 pm. For a device with straight silicon waveguide facets, the transmission spectrum will show the expected Fabry-Pé rot ripples due to facet-facet reflections and a possible super-modulation of that spectrum due to cavities formed by additional taper reflections. These spectra can then be analyzed by plotting their Fourier transform (FT), where the different cavities will show up as distinct peaks. The data can then be fit to an analytical model that is based on transmission matrices.
To simplify the experimental approach, the devices from Fig. 3(a) are polished back on one side until the taper is completely removed and a hybrid facet is formed. On the other side, the silicon waveguide is polished to a straight (nonangled) facet. The devices now consist of a passive silicon waveguide, a tapered mode converter, and a hybrid waveguide, as shown in Fig. 7 . The advantage is that the taper tip only forms two extra cavities, L 1 and L 2 , in addition to the cavity L cavity that is defined by the two facets.
The wavelength-dependent transmission of the four different taper designs was measured using the setup, as shown in Fig. 8 . The amplified spontaneous emission from an erbium-doped fiber amplifier (EDFA) was used as a broadband light source, which was connected to a collimator via single mode fiber (SMF). The TE polarization was selected with a polarizing beam splitter (PBS). A 50Â microscope objective with a numerical aperture of 0.75 focused the beam of light onto the device. The transmitted light was collected by a lensed fiber that was connected to the HR-OSA. For three of the four taper designs, three devices were measured. For the fourth design (Type 1.0 m), only one device was available. The system response was divided out by repeating the measurement without a device under test (DUT) to calibrate out the wavelength-dependent power from the EDFA. This did not introduce any additional peaks in FT in the region of interest (between 0 and L cavity ).
Optical Transmission Model
The device in Fig. 7 can be represented by a transmission matrix T , which is defined by
See Fig. 7 for a definition for A 1;2 and B 1;2 .
The transmission matrix T of the device can be broken up into the product of multiple elements for facet reflection T f 1;2 , waveguide propagation T wg1;2 , and taper loss T T and reflection T rT
where 
and the variables are defined in Table 3 . Using this definition, the optical power transmitted by the device, the spectrum measured by the OSA, assuming the resolution of the OSA is far better than the fringe width, is given by
The fitting was done in the Fourier domain.
Experimental Results
For each device design, a 12-nm-long wavelength sweep was recorded. A 3-nm-long span of the transmission spectrum for the Type-1 1.0 m device is shown in Fig. 9 . The FT for the data and the corresponding fits are shown in Fig. 10 . The FT of the transmission spectra do not always show distinct peaks at the locations of the taper-facet cavities. For those measurements, the taper reflection is in the noise level of the measurement. The resulting taper reflectivities are summarized in Table 4 . Because some of the reflections are in the noise floor of the measurement, only an upper limit on the taper reflection can be given, and one cannot conclude which taper type exhibits smaller reflections.
The noise floor is due to the low received optical power at the HR-OSA. This was evidenced by a distortion of the valleys in Fig. 9 when the launched power was reduced by $3 dB. In addition, Summary of variables used in the fitting of the OSA data scattered (unguided) light and sidewall roughness in the silicon waveguide [21] contributed to raising the noise floor in these measurements.
Conclusion
The taper losses and taper reflections for two types of hybrid silicon tapers have been investigated. Using cutback structures, taper loss between 0.22 and 0.57 dB has been measured. The Type-2 taper, which transforms the passive mode to the hybrid mode more gradually through longer tapers, exhibited smaller taper losses. Some of the taper reflections were in the noise floor of the measurement. However, for all four taper designs, taper reflections are at most À41 dB, which is good enough for applications that are not highly sensitive to feedback. These tapers can be used to efficiently integrate hybrid silicon amplifiers, modulators, and photodetectors with passive silicon circuitry. TABLE 4 Summary of taper reflections. All results were limited by the sensitivity of the measurement setup and hence the shown values give an upper limit for the reflections. Only one data point was available for the Type-1 1.0-m device, so no error bar could be calculated Fig. 10 . FT of the transmission spectrum of four device and the corresponding fits.
